Crystal structures of the 50 S ribosomal subunit from Haloarcula marismortui complexed with two antibiotics have identified new sites at which antibiotics interact with the ribosome and inhibit protein synthesis. 13-Deoxytedanolide binds to the E site of the 50 S subunit at the same location as the CCA of tRNA, and thus appears to inhibit protein synthesis by competing with deacylated tRNAs for E site binding. Girodazole binds near the E site region, but is somewhat buried and may inhibit tRNA binding by interfering with conformational changes that occur at the E site. The specificity of 13-deoxytedanolide for eukaryotic ribosomes is explained by its extensive interactions with protein L44e, which is an E site component of archaeal and eukaryotic ribosomes, but not of eubacterial ribosomes. In addition, protein L28, which is unique to the eubacterial E site, overlaps the site occupied by 13-deoxytedanolide, precluding its binding to eubacterial ribosomes. Girodazole is specific for eukarytes and archaea because it makes interactions with L15 that are not possible in eubacteria.
Introduction
Many clinically important antibiotics inhibit the growth of microorganisms by blocking ribosome function, and important insights into the mechanisms of action of these antibiotics have emerged recently from crystal structures of ribosome complexes with antibiotics. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] At the present, all of the anti-large ribosomal subunit antibiotics for which there are published crystal structures bind in or adjacent to its peptidyl transferase center (PTC). Here we present crystal structures of large subunit complexes with two less well-known antibiotics, 13-deoxytedanolide and girodazole. Both bind to the E site of the large ribosomal subunit of Haloarcula marismortui (Hma), rather than the PTC.
13-Deoxytedanolide is a protein synthesis inhibitor specific for eukaryotes (and presumably archaea) that binds to the large ribosomal subunit. 15 It contains an 18-membered macrolide ring that lacks the sugar substituents characteristic of macrolides like erythromycin, which bind specifically near the PTC of eubacterial ribosomes (Figure 1(c) ). Both 13-deoxytedanolide and tedanolide, the first compound of this class to be discovered, are found in marine sponges, 16, 17 and both have anti-tumor activity.
Like 13-deoxytedanolide, girodazole ( Figure 1(d) ), also known as girolline, is an antibiotic obtained from a marine sponge that has anti-tumor activity. 18 Its cytotoxicity correlates with its activity as an inhibitor of eukaryotic protein synthesis. 19 In vitro, it does not inhibit either the initiation or the elongation steps of protein synthesis, but rather it blocks the release of polypeptides from the ribosome. (e) The location of the binding site for 13-deoxytedanolide (yellow), compared to the locations of th P-site (orange) tRNA and the A-site (cyan) tRNA. The large ribosomal subunit is oriented in the "crown" view but split through the tunnel and the part close to the viewer removed so that the trajectory of peptides down the exit tunnel can be seen (red helix). Ribosomal proteins are blue and rRNA is gray, except for the RNA segment, shown in green, that lies between the 13-deoxytedanolide and the girodazole. (f) A close up view of the E site region showing the positions of the 13-deoxytednolide and girodazole and the intervening rRNA (green). Most of the macromolecular material in this view has been made transparent so that the bound girodazole molecule can be visualized. The coloring scheme for this panel is the same as for (e).
Results
13-Deoxytedanolide and girodazole bind to the E site region of the 50 S ribosomal subunit Data sets were collected from crystals of the Hma large ribosomal subunit that had been soaked in solutions containing either 13-deoxytedanolide or girodazole, and difference electron density maps were computed using experimental amplitudes for both the liganded and apo-subunit and phases calculated from the coordinates of the subunit (see Materials and Methods). The difference maps for both drug complexes exhibited only a single positive feature that was large enough to accommodate the drug. 13-Deoxytedanolide binds in the E site of the large ribosomal subunit, far from both the PTC and the polypeptide exit tunnel (Figure 1(e) ). The girodazole binding site is close to the 13-deoxytedanolide binding site, but is more deeply buried in the interior of the particle (Figure 1(f) ).
Both drugs can be modeled into the corresponding difference electron density map
The difference electron density maps for 13-deoxytedanolide and girodazole are shown in Figure 1 (a) and (b), respectively, with the structures of the drugs superimposed. (Table 1 summarizes the crystallographic and refinement statistics for these structures.) While it is clear that the difference electron density for each drug is appropriate in size and shape, the fitting of the structures of these drugs into their respective electron densities was not straightforward.
No independent small molecule crystal structure exists for girodazole, and at the resolution of the electron density maps obtained here (Figure 1(b) ) it was not possible to determine its conformation with high accuracy. 13-Deoxytedanolide, on the other hand, is a much bigger molecule, and there is clear electron density for both its macrolide ring and its "tail" (Figure 1(a) ). However, the crystal structure of tedanolide, 16 which differs from 13-deoxytedanolide by only a single hydroxyl group, fits the difference electron density for 13-deoxytedanolide so poorly that its coordinates could not be refined into the map. A model for the drug that does fit the difference density was obtained by opening the macrolide ring of a model for 13-deoxytedanolide derived from the crystal structure of tedanolide, fitting the two halves of the ring manually into the electron density, and then reforming the broken bond. The conformation of the resulting model was optimized (in the gas phase) using the program BOSS 4.6. 21 and the OPELS/CM1A force field. 22 The optimized model differs only slightly from the starting model and fits the corresponding difference electron density well. The computed conformational energy for the refined model is only slightly higher than that of the small-molecule crystal of tedanolide
13-Deoxytedanolide is likely to be a competitive inhibitor of E site function
The only ribosomal base with which 13-deoxytendanolide forms a hydrogen bonds is C2431(2394) (Figure 2(a) ), which is a functionally critical base in the ribosome that is >99% conserved in all three kingdoms. 23 (Bases in 23 S rRNA are identified as follows: (base type, Hma number) (base type, if different, Escherichia coli number).) When tRNA binds to the E site of the ribosome, its 3′-terminal nucleotide, A76, forms hydrogen bonds with the N4 and N3 of C2431(2394). 24, 25 (Figure 2 (b) and (d)). In addition to blocking access to C2431(2394), the drug a The resolution range of the X-ray diffraction data. The resolution range of the highest-resolution data bin included in the data is indicated in parentheses. Statistics provided in parentheses elsewhere in this Table are those for that highest resolution bin.
b Average intensity/average standard error of the intensity.
is the average value of the intensity of reflection (hkl) in the data set, and I i (hkl) is the intensity of the i th observation of that reflection. d Completeness: percentage of the possible number of reflections that were actually observed. e Average redundancy of the data set.
where F c (hkl) is the structure factor for the (hkl) reflection (hkl) computed from the structural model, and F o (hkl) is the structure factor measured for that reflection.
g R free is computed the same way as R cryst using a small, but randomly chosen subset of reflections measured that is not included in the data set used for refinement.
h The root-mean-square difference of bond lengths from expectation. i The root-mean-square difference of bond angles from expectation in degrees.
fills most of the rest of the space occupied by the CCA end of deacylated tRNAs when it is bound to the E site in Hma. Since the CCA end of tRNAs and 13-deoxytendanolide cannot simultaneously bind to the large ribosomal subunit part of the E site, it is highly likely that the physiological effects of 13-deoxytedanolide derive from its acting as a competitive inhibitor of tRNA interaction with the E site.
Hydrophobic interactions stabilize the binding of 13-deoxytedanolide to the ribosome
In addition to forming functionally critical hydrogen bonds with C2341(2394), 13-deoxytedanolide makes extensive hydrophobic interactions with both 23 S rRNA and ribosomal protein L44e ( Figure  2(a) ; Supplementary Data). The drug has a surface area of 818 Å 2 , and 65% of its surface becomes 24 The CCA sequence isin yellow. The RNA and protein are colored as for (a). (c) 13-Deoxytedanolide has been homology modeled into the E site of the large ribosomal subunit from T. thermophilus. Phosphorus atoms in the E site region of the large ribosomal subunit of the T. thermophilus 70 S ribosome 25 were superimposed on the corresponding atoms of the complex of 13-deoxytedanolide with the Hma large ribosomal subunit and the 13-deoxytedanolide part of the Hma structure is shown in yellow, and the rest of the atoms shown are T. thermophilus atoms. The E site atoms shown are those of T. thermophilus with the rRNA in gray and protein L28 (which overlaps the drug) in green. (d) The stacked conformation of the 3′-terminal CCA sequence observed when deacylated tRNAs interact with the E site of the large ribosomal subunit of T. thermophilus. 25 The CCA sequence is yellow, and the RNA and protein L28 are colored as for (a).
inaccessible to solvent when the drug binds to the ribosome. A total of 43% of the buried surface is buried by virtue of the drug's interactions with L44e, primarily Pro56 and Gly57. Insertion of its hydrophobic tail into the gap between G2459(2421) and A2460(2422) accounts for most of the rest of the buried surface area.
Girodazole binds near the E site, but not in it
Girodazole binds to the large ribosomal subunit in the densely packed region in domain 5 of 23 S rRNA where helices 80, 82, 88 and 74 come together. C2431 (2394), the base that hydrogen bonds to A76 of E site-bound tRNA, lies at the bottom of helix 88, about 5 bp removed from the girodazole binding site (Figure 3(b) ). Girodazole forms hydrogen bonds with A2465(G2428), G2466(2429) and Asp36 of ribosomal protein L15 (Figure 3(a) ). As is evident in Figure 1(b) , the side-chain of Asp 36 reorients significantly in the presence of the drug; in the absence of the drug its side-chain extends away from the girodazole binding site.
Discussion
Both 13-deoxytedanolde and girodazole inhibit protein synthesis in eukaryotic cells, and presumably also archaea, but not in eubacterial cells, and the structures of the complexes they form with the Hma 50 S subunit explain why. The sites where they interact with the large ribosomal subunit, which have not previously been identified as antibiotic binding sites, are located at or near the place where the CCA ends of E site-bound tRNAs interact with the large subunit. The large subunit component of the E site is formed, in part, of proteins, and the E site proteins of the eubacterial large ribosomal subunit are not the same as the E site proteins of archaeal and eukaryotic large ribosomal subunits, which are similar. These protein differences account, in part, for the kingdom specificity of the two antibiotics as well as for the differences between the conformations the CCA ends of tRNAs adopt when bound to the E sites of eubacterial and archaeal large ribosomal subunits.
The structure of 13-deoxytedanolide bound to the ribosome predicts that it should block protein synthesis by competitively inhibiting the binding of deacylated tRNAs to the E site. The source of its specificity for eukaryotes is also clear. 13-Deoxytedanolide interacts extensively with L44e, which is the dominant protein found in the E sites of both archaea and eukaryotes. 24 The protein found in the same region in the eubacterial ribosome is L28, but its structure is unrelated to that of L44e. 25 In the eubacterial ribosome, residues from L28 fill much of the space that is occupied by 13-deoxytedanolide when it binds to the large ribosomal subunit of Hma and thus would preclude its binding to the eubacterial ribosome in the same manner (Figure 2(c) ).
The same structural differences in the E site that explain the species specificity of 13-deoxytedanolide, also are responsible for the differences in the conformations that the 3′-terminal CCA sequences of tRNAs adapt when bound to the E sites of eubacteria 25,26+ and archaea. 24 When that sequence is bound to the Hma E site, the base of C75 splays out filling an area that is occupied by L28 in eubacteria (Figure 2(b) and (d) ). Similarly, L44e in Hma sterically prevents E-site-bound CCA sequences from adapting the stacked conformation that is observed 25, 26 in the eubacterial E site.
If the structure of 13-deoxytedanolide bound to the Hma 50 S subunit described here is physiologically relevant it should provide structural explanations for the relative activities of chemical derivatives of 13-deoxytendanolide as protein synthesis inhibitors. Nishimura and co-workers have prepared 11 chemical derivatives of 13-deoxytedanolide and measured their activities as inhibitors of protein synthesis using a poly(U)-dependent, phenylalanine incorporating system derived from Saccharomyces cerevisiae. 27 They observed, for example, that reduction of either of the molecule's two carbon-carbon double bonds has little effect on activity. One of those double bonds, (C21-C22), is part of the molecule's tail that inserts into the gap between G2459 and A2460. Its reduction should not interfere with the hydrophobic interaction that part of the tail normally makes with those bases. Reduction of the other double bond (C8-C9) should have little effect because that part of the drug does not interact with the ribosome. Reduction of the carbonyl oxygen at C11 also has little effect on activity, as expected, because that oxygen does not interact with the ribosome, but removal of the entire "tail" of 13-deoxytendanolide results in a large reduction in drug activity. The "tail-less" derivative Nishimura and colleagues prepared cannot interact hydrophobically with G2459 and A2460, and also lacks the groups that normally hydrogen bond with C2431(2394)l. Its affinity for the ribosome may be further compromised by conformational alterations in the macrolide ring near C16 caused by the chemistry done to remove the tail.
The only derivative Nishimura and colleagues prepared whose properties are hard to explain structurally is the one they obtained by acetylating both O3 and O6 with pentenoyl chloride. When either O3 and O6 are acetylated separately this way there is no effect on activity as expected because O3 does not contact the ribosome, and acetylation of O6 should not prevent it from accepting a hydrogen bond from R40 of L44e, which is what it does when the unmodified drug binds. The surprise is that the di-acetylated derivative is inactive, as is the compound obtained when O3, O6, and O10 are all acetylated. However, the inactivity of the triacetylated derivative can be explained structurally entirely in terms of O10. Acetylation of 13-deoxytendanolide at O10 ought to prevent the O10 hydroxyl group from making a hydrogen bond with the N3 of C2431 (2394). It is also hard to explain why the removal of the last two carbon atoms from the tail of 13-deoxytendanolide and their replacement by an aldehyde group (at C21) should reduce the activity of the drug as dramatically as it does, but it may adversely affect the hydrophobic interactions the tail of the drug normally makes with the ribosome. While the capacity of the structure of the 13-deoxytedanolide-ribosome complex described here to rationalize almost all the structure-activity data just discussed does not prove that it is physiologically relevant; if it did not, it would be decisive proof that it is irrelevant, and it is unlikely that the structure would rationalize much of that data at all if it were physiologically irrelevant.
13-Deoxytedanolide is the first antibiotic that we have found whose activity results from binding to the E site of the large ribosomal subunit, but it is unlikely to be unique. Fusetani and co-workers have identified three antibiotics of unrelated chemical structure that compete with 13-deoxytedanolide for binding to the eukaryotic large ribosomal subunit: pederin, theopederin and onnamide A 15 . Cycloheximide may be another eukaryote-specific antibiotic that targets the E site, since mutation of the unstructured loop in the yeast homolog of L44e (RPL41) can confer cycloheximide resistance on that organism. 28, 29 Nishimura and colleagues looked for, but did not detect, competition between the binding of 13-deoxytedanolide and the binding of cycloheximide, but it is possible that the measurements they did would not have done so. The dissociation constant for cycloheximide binding to the ribosome is in the micromolar range, 30 but the dissociation constant for 13-deoxytedanolide-ribosome complexes is ∼2 nM. 15 The concentration of cycloheximide used in the competition experiment reported by Nishimura and colleagues (3.9 μM) may not have been high enough to displace from the ribosome the trace amounts of radioactive 13-deoxytedanolide used to detect competition.
Most antibiotics that target the large subunit for which structural information is available exert their effects either by competitively blocking substrate binding or sterically blocking polypeptide product egress, whereas most of the small subunit antibiotics that have been studied crystallographically interfere with conformational changes. 2 It is possible, but far from proven at this point, that girodazole inhibits protein synthesis by preventing conformational changes in the large subunit. Girodazole binds to the large subunit close to the E site, but its binding site does not overlap with the E -site-bound deacylated tRNAs, and thus it cannot be a direct, competitive inhibitor of that interaction. The structures of CCA or of tRNA acceptor stem/loop mimics bound to the Hma large ribosomal subunit show no indication that the conformation of the ribosome changes in the region of the girodazole binding site when the E site is occupied, 24 nor does the structure of girodazole bound to the Hma 50 S subunit indicate that drug binding causes a conformational change in the E site. Thus, if the drug inhibits E site activity at all, it must block conformational changes that occur in that region during protein synthesis.
Although the structural basis of girodazole's inhibition remains unclear, its binding site is consistent with the drug's known specificity for eukaryotes. The two RNA bases that interact with girodazole are components of the single-stranded region that connects helices 88 and 74 of 23 S rRNA. In this region the sequences of eubacterial 23 S rRNAs diverge significantly from those of both archaeal and eukaryotic large ribosomal subunit RNAs, which are similar. The connecting sequence is 12 nucleotides long in eubacteria, but only nine nucleotides long in archaea and eukaryotes, 23 and thus, expectedly, their conformations are not the same either. When the structures of the large ribosomal subunit from E. coli 31 and Hma are superimposed using ten backbone phosphorus atoms from this region, the rmsd value is 1.95 Å, but when a similar superposition is done using 180 phosphorus atoms distributed over the entire PTC, the rmsd value is just over 1.0 Å. Nonetheless, it is clear that the nucleotide that interacts most extensively with the drug, A2465 in Hma, corresponds to G2428 in E. coli. The two bases occupy the same space in the two molecules, and are oriented the same way. There are three reasons why girodazole ought not to bind to the eubacterial version of its site with high affinity. First, girodazole cannot interact with G2428 in the E. coli ribosome the way it interacts with A2465 in the Hma large ribosomal subunit because the N2 amino group of G2428 would interfere sterically. Second, insertion of the drug into this site would be interfered with by the O6 of G2466 (2429), which is about 2 Å closer to A2465(G2428) in E. coli than it is in Hma. Third, in the E. coli large ribosomal subunit, the prototypical Gram-negative bacterium, the adjacent part of ribosomal protein L15 has no residues that can hydrogen bond with the drug the way Asp36 does in the Hma subunit. Thus, girodazole should bind to this site in the eubacterial large ribosomal subunit with an affinity far lower than its affinity for the corresponding site in archaeal and eukaryotic ribosomes.
Materials and Methods
The 50 S ribosomal subunits were prepared from Hma and crystallized as described. 32, 33 Crystals were equilibrated at least twice with solutions containing antibiotic dissolved in buffer B (12% (w/v) PEG 6000, 20% (v/v) ethylene glycol, 1.7 M NaCl, 0.5 M NH 4 Cl, 1mM CdCl 2 , 100 mM potassium acetate, 6.5 mM acetic acid (pH 6.0), 30 mM MgCl 2 or 100 mM SrCl 2 , 5 mM β-mercaptoethanol) at 4°C over the course of 1-4 h when SrCl 2 was included in soak solutions, 33 and 16 h to 24 h when MgCl 2 was included in soak solutions. The antibiotic concentrations used were 1 mM for 13-deoxytedanolide, and 40 mM for girodazole.
13-Deoxytendanolide was provided by Drs Nobuhiro Fusetani and Shigeki Matsunaga (Laboratory of Aquatic Natural Products Chemistry, University of Tokyo). Girodazole was given to us by Dr Christiane Poupat of the Institut de Chimie des Substances Naturelles du CNRS, Gif-sur-Yvette, France. The samples of 13-deoxytedanolide and girodazole used were both isolated from natural sources, and only a few milligrams of each were available. There are few experiments that could have been done with samples so small that would have yielded as much information as was obtained for these two antibiotics from the crystallographic experiments reported above. Data were collected as described 32 using the following synchrotron beamlines: ALS 8.2.2, APS 19ID, and NSLS X29. Following merging of the diffraction data, pairwise cross-R factors were computed between each data set for the drug complex with the 50 S subunit and every data set in the collection of native data sets available in this laboratory in order to identify the native data set that is most similar to that of the drug complex data set. Difference electron density maps were computed for each complex of a drug with the ribosome using as amplitudes (|F o (hkl)| drug/ribosome − |F o (hkl)| best native ) and phases obtained by rigid-body refinement of the native structure (PDB code 1S72) 34 into the drug complex data set. Refinements done using the program CNS 35 included rigid0-body refinement, energy minimization, and B factor refinement. In the final rounds of refinement only those atoms within a 25 Å−35 Å sphere centered on each antibiotic binding site were allowed to vary in position.
Because crystal structures have not been reported for girodazole, the starting model used for it was an energyminimized structure created using either CS Chem3D Pro (Cambridge Soft Corp.) or PRODRG2 ‡. 36 The procedure used to obtain a satisfactory initial structure for 13-deoxytedanolide is described above. Modeling was done using O, 37 and Figures were generated using PyMol §.
Protein Data Bank accession codes
The structures described here are available from the Protein Data Bank. The PDB number of the 13-deoxytedanolide structure is 2OTJ, and the PDB number of the girodazole structure is 2OTL.
